1.. Introduction {#S1}
================

Tumor-associated macrophages (TAMs) are heterogeneous cell populations that constitute a major component of inflammatory cells in tumor microenvironment \[[@R1]\]. In gliomas, TAMs are derived in part from CNS microglia and circulating myeloid-derived cells such as monocytes, and have been implicated in glioma angiogenesis, invasion, local tumor recurrence and immunosuppression \[[@R2]--[@R6]\]. The mechanisms responsible for the infiltration of TAMs into tumors have been widely studied and inhibition of this process has been proposed as a general treatment strategy for cancer \[[@R7]\]. A variety of cytokines, chemokines and growth factors are involved in TAM trafficking \[[@R5],[@R8]--[@R12]\], but CCL2 was the first to be identified in glioma samples \[[@R13],[@R14]\]. Recently we demonstrate that S100B, which is expressed by most gliomas, is an important inducer of CCL2 \[[@R15]\].

S100B is a member of the multigene family of Ca2+-binding proteins which has been implicated in the regulation of cellular activities such as metabolism, motility and proliferation. In the nervous system, S100B is constitutively released by astrocytes into the extracellular space, and at low concentrations (i.e. nM), it's neuroprotective against oxidative stress \[[@R16]\]. S100B expression is also induced by various stimuli such as trauma and inflammation. At high concentrations (i.e. μM), S100B activates microglia and astrocytes in an autocrine fashion through the induction of iNOS and NF-κB, and it increases the expression of pro-inflammatory cytokines. Through these functions, S100B has been implicated in the pathogenesis of brain trauma and neurodegenerative disorders, but its role in gliomagenesis has not been extensively studies.

We recently demonstrated that even at low levels, S100B altered the activity of TAMs in a glioma model by activating STAT3 \[[@R17]\]. We also showed that S100B downregulation in a murine glioma model inhibited TAM trafficking and tumor growth \[[@R15]\]. Based on these findings, we hypothesized that S100B inhibitors may have antiglioma properties through modulation of the tumor microenvironment.

In an effort to discover novel S100B inhibitors in this study, we developed a high-throughput screening (HTS) cell-based S100B promoter-driven luciferase reporter assay. Initial screening of 768 compounds in the NIH library identified 36 hits with \> 85% S100B inhibitory activity. One compound, duloxetine (Dul), an FDA-approved serotonin-norepinephrine reuptake inhibitor (SNRI) was selected for the initial proof-of-concept studies. Dul inhibited S100B production in mouse GL261 cell lines, and intracranial (i.c.) GL261 gliomas. Furthermore, Dul shifted TAM polarization into M1-like phenotype and inhibited tumor growth. Dul therapeutic efficacy, however, was not observed in the less immunogenic K-Luc glioma model that expresses low levels of S100B \[[@R15]\]. These observations support the utility of S100B suppression as a novel antiglioma therapy and justify the development of more potent S100B inhibitors.

2.. Materials and methods {#S2}
=========================

2.1.. Cell lines {#S3}
----------------

Luciferase-expressing GL261 glioma cells (GL261-Luc) were generated as described before \[[@R18]\]. Luciferase-expressing KR158B cells (or KLuc), an invasive glioma cell line that was derived from spontaneous gliomas in *Trp53/Nf1* double-mutant mice in Dr. Tyler Jacks laboratory, was a generous gift from Dr. John Sampson \[[@R19]\]. Both GL261-Luc and K-Luc cells were cultured in DMEM medium supplemented with 10% FBS (BioWhittaker, Walkersville, MD), 100 U/mL penicillin-G, 100 μg/ mL streptomycin and 0.01 M Hepes buffer (Life Technologies, Gaithersburg, MD) in a humidified 5% CO2 atmosphere. Both glioma cell lines were authenticated by short tandem repeat profiling and by histological characterization of i.c. gliomas in mice \[[@R20]\]. Primary astrocytes were generated from newborn pups as described previously \[[@R21]\], cultured in DMEM medium supplemented with 10% FBS, and used 7--10 days later.

2.2.. High-throughput screening assay {#S4}
-------------------------------------

Luciferase expression vector that is controlled by S100B promoter was purchased from GeneCopoeia (Rockville, MD, \#MPRM24745-PG02). This vector was transfected into U251 human gliomas to generate a cell line that expressed luciferase under S100B promoter (U251-Luc). Compounds from the NIH library were screened by using U251-Luc cells in Shared Res-HTS Core-BRI at City of Hope. Briefly, U251-Luc cells (5000/well in 100 μl culture medium) were incubated with each compound serially diluted from a 100 μM stock solution in DMSO. Twenty hours later, gaussia luciferase substrate (100 μl) was added to each well and light emission measured in 20 min by a luminometer (PerkinElmer).

2.3.. Cell viability {#S5}
--------------------

GL261-Luc cells (5000 cells/96-well plate) were incubated with Dul (0--50 μM) for 24 h prior to the addition of luciferase substrate (100μl/ well). Luciferase activity was measured in a luminometer as a measure of cell viability.

2.4.. Duloxetine measurement in tissue {#S6}
--------------------------------------

Duloxetine concentrations in tumor tissue and plasma were measured by LC-MS/MS as described by Satonin et al. \[[@R22]\]. Two weeks after GL261 tumor implantation, mice were given a single dose of Dul (30 mg/kg, oral gavage) and tumors, contralateral brain tissue and plasma were collected for drug level measurements.

2.5.. Animals, tumor implantation and duloxetine treatment {#S7}
----------------------------------------------------------

All mice were housed and handled in accordance to the approved guidelines of City of Hope Institutional Animal Care and Use Committee under pathogen-free conditions. *CX*~*3*~*CR*~*1*~^*GFP*^ mice that express EGFP under control of the endogenous Cx3cr1 locus were purchased from Jackson Laboratory (Sacramento, CA). Stereotactic intracranial tumor implantation was performed as described before \[[@R15]\]. Briefly, GL261-Luc or K-Luc glioma cells were harvested by trypsinization, counted, and resuspended in culture medium. Female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) weighing 15--25 g were anesthetized by intraperitoneal administration of ketamine (132 mg/kg) and xylazine (8.8 mg/kg) and implanted with 10^5^ tumor cells using a stereotactic head frame at a depth of 3 mm through a bur hole placed 2 mm lateral and 0.5 mm anterior to the bregma. Dul treatment (5 or 30 mg/kg/day, oral gavage) was initiated one or four days after tumor implantation. Because Dul at either dose caused weight loss after two weeks of oral treatment, therapy was stopped at 14 days for the survival experiments. Thereafter, animals demonstrating signs of elevated intracranial pressure were euthanized and tumor presence confirmed by histology.

2.6.. Flow cytometry analysis {#S8}
-----------------------------

Intracranial tumors with peritumoral tissue were harvested and examined by flow cytometry as described previously \[[@R15]\]. Tissue was minced and digested with trypsin for 20 min at 37 °C. The homogenate was then filtered through a 40 μm filter and prepped using Fixation/Permeabilization solution according to the manufacturer's instructions (BD Pharmingen. San Diego, CA). Cells were then incubated with allophycocyanin-conjugated anti-mouse CD11b, PerCP-conjugated anti-mouse CD45, PE-conjugated anti-mouse Ly6C, eFluor 450-conjugated antibody to mouse Ly6G (all 1:100, eBioScience), Pacific Blue-conjugated anti-mouse F4/80 (1:100, Bio-Rad, Irvine, CA), anti-mouse Ly6B (1:100, Bio-Rad) or isotype control antibodies (1 h at 4 °C) prior to FACS analysis. Multiple-color FACS analyses was performed using a 3-laser CyAn immunocytometry system (Dako Cytomation, Fort Collins, CO) and analyzed by FlowJo software (TreeStar, San Carlos, CA). Tumor macrophages were gated as CD11b^+^ CD45^high^ F4/80^+^ and microglia as CD11b^+^ CD45^low^ based on a previously described phenotypic characterization \[[@R15],[@R23]\]. Myeloid-derived suppressive cells were identified as monocytic (Ly6G^−^ Ly6C^+^) and granulocytic (Ly6G^+^ Ly6C^−^) populations as described previously \[[@R24]\]. Ly6B staining was used to quantify neutrophils.

2.7.. Real time RT-PCR, Western blot and ELISA {#S9}
----------------------------------------------

Real-time quantitative PCR (qPCR) was performed with corresponding primers ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}) in a TaqMan 5700 Sequence Detection System (Applied Biosystems, Foster City, CA) as described previously \[[@R17]\]. Western blots were performed as describe before \[[@R17]\] using primary antibodies specific for S100B (Abcam), full length RAGE (FL-RAGE, Abcam), CCL2 (Santa Cruse), β-Actin (Abcam) or GAPDH (Cell Signaling). S100B and soluble RAGE (sRAGE) ELISA were performed according to the manufacturer's instructions (MyBioSource).

To assess phenotypes of tumor-associated leukocytes, tumor and peritumoral tissue from control or Dul-treated mice were minced and digestion with trypsin for 20 min at 37 °C. Tissue homogenate was then filtered through a 40 μM filter and leukocytes separated by Percoll gradient (GE Healthcare) at 350 g--400 g for 45 min. The isolated cells were characterized by flow and incubated with LPS (0.5 μg/ml, 24 h) to induce cytokine expression prior to analysis.

2.8.. Immunofluorescence staining {#S10}
---------------------------------

Frozen brain sections were prepared from naive and tumor-bearing mice. Immediately after harvest, brains were fixed in paraformaldehyde for 4 h before storage in 30% sucrose solution. Brains were embedded in O.C.T. (Tissue-Tek) and 10 μm sections were cut using a cryostat (Leica Microsystem Inc., Bannockburn, IL). Prior to immunofluorescence staining, slides were baked at 37 °C and permeabilized in methanol for 15 min. Cultured primary astrocytes and GL261 cells were transferred to coverslip slides and permeabilized in methanol for 10 min. After an hour block, slides were incubated with RAGE, S100B (1:300, rabbit anti-mouse, Abcam), CCL2 (1:200, Rabbit anti-mouse, Santa Cruz Biotechnology), NET (1:100 Rabbit anti-mouse, Alomone, Jerusalem, Israel) or GFAP (1:100, Rat anti-mouse, Invitrogen) primary antibodies for 2 h. Slides were washed with PBS three times for 5 min and incubated with secondary antibody (goat anti-rabbit or goat anti-rat Alexa Fluor 594 antibodies (1:200 dilution Thermo Scientific, Waltham, MA) for another hour. Tissue sections were mounted in Vectashield mounting medium containing 4060-diamidino-2-phenylindole (DAPI) (Vector, Burlingame, CA), imaged with AX-70 fluorescent microscopy (Leica Microsystems Inc., Bannockburn, IL) and prepared by Zeiss LSM Image Browser software. Image parameters (i.e. magnification, gain, exposure) were kept constant between each treatment condition. To quantify S100B and RAGE expression, the average number of positive tumor cells per five high-power fields from control and Dul-treated mice were counted (n = 3/group).

2.9.. Nanostring analysis {#S11}
-------------------------

RNA from GL261 and peritumoral brain tissue was extracted using miRNeasy FFPE kit (Qiagen cat\# 217504). RNA concentration was assessed with the Nanodrop spectrophotometer ND-1000 and Qubit 3.0 Fluorometer (Thermo Scientific, CA). RNA fragmentation and quality control was determined by 2100 Bioanalyzer (Agilent, CA). RNA expression was analyzed by NanoString nCounter platform (NanoString Technologies, WA) using PanCancer Mouse Immune Profiling panel, which consists of 770 genes covering 24 different immune cell types and populations, and 30 common cancer antigens and genes that represent all categories of immune response. RNA was first hybridized with Codeset from gene panel at 65 °C for 16 h. Post-hybridization probe-target mixture was then purified and quantified with nCounter Digital Analyzer, and all data analysis was performed on nSolver (NanoString Technologies, WA). Pathway Scores were calculated by nSolver Advance Analysis module to summarize the data from a pathway's genes into a single score, using the first principal component (PC) of the expression data \[[@R25]\]. In brief, PC analysis scores each sample using a linear combination of its gene expression values, weighting specific genes to capture the greatest possible variability in the data. The data is presented in a log2 scale. Increased score indicates increased overall expression.

2.10.. Statistical analysis {#S12}
---------------------------

Statistical comparison in all different experimental conditions was performed with the GraphPad Prism software using two-way analysis of variance (ANOVA) or Student's t-test. Survival was plotted using a Kaplan-Meir survival curve and statistical significance was determined by the Log-rank (Mantel-Cox) test. A P value of less than 0.05 was considered significant.

3.. Results {#S13}
===========

3.1.. S100B inhibitor screening assay {#S14}
-------------------------------------

To discover novel S100B inhibitors, we developed a HTS cell-based S100B promoter-driven luciferase reporter assay in the human U251 glioma cell line that expresses S100B. Initial screening of 768 compounds in the NIH library identified 36 hits with \> 85% S100B inhibitory activity. One compound, Dul, an FDA-approved SNRI, was selected for the initial proof-of-concept studies because of its potency and low toxicity profile, and because it is currently in clinical use for a variety of neurological disorders.

3.2.. Duloxetine inhibits S100B expression in GL261 gliomas {#S15}
-----------------------------------------------------------

At 5 μM, (concentration below the IC~50~ of 10 μM), Dul inhibited S100B promoter activity in U251 glioma cells ([Fig. 1A](#F1){ref-type="fig"}) without causing cytotoxicity in either U251 (not shown) or mouse GL261 gliomas ([Fig. 1B](#F1){ref-type="fig"}). At low concentrations, Dul also inhibited S100B expression as measured by qPCR, Western analysis, ELISA and immunostains of GL261 cells. ([Fig. 1C](#F1){ref-type="fig"}). Dul also inhibited CCL2 expression by GL261 cells ([Fig. 1D](#F1){ref-type="fig"}). *In vivo*, however, neither low (5 mg/kg/14 days) nor high (30 mg/kg/14 days) doses of Dul inhibited S100B, CCL2 or RAGE (S100B receptor) protein levels in i.c GL261 gliomas ([Fig. 2A](#F2){ref-type="fig"}). Nor mouse serum S100B and soluble RAGE (sRAGE) levels changed after Dul therapy ([Fig. 2B](#F2){ref-type="fig"}). To explore this lack of *in vivo* S100B-inhibitory activity, we then measured Dul concentrations in mice bearing i.c. GL261 gliomas. Two weeks after GL261 tumor implantation, mice were given a single dose of Dul (30 mg/kg, oral gavage) and tumors, contralateral brain tissue and plasma were collected for drug level measurement with LC-MS/MS ([Table 1](#T1){ref-type="table"}). These studies confirmed that Dul did indeed penetrate into both the brain and i.c. GL261 tumors within an hour of administration, and remained at therapeutic levels (i.e. \> 10 μM) for up to 12 h. Thus, its inability to suppress S100B *in vivo* was not due to CNS penetration.

To further evaluate the *in vivo* Dul activity, histochemistry was used to measure the expression of S100B in i.c. GL261 tumors. Interestingly, Dul effectively inhibited S100B and RAGE (S100B receptor) in tumors, but not in the peritumoral brain ([Fig. 2C](#F2){ref-type="fig"}). Further analysis of the brains from Dul-treated mice showed that most of the S100B^+^ cells were GFAP^+^ astrocytes that surrounded the tumor margin ([Fig. 2D](#F2){ref-type="fig"}). These observations confirmed that whereas Dul had good CNS penetration and effectively inhibited S100B in GL261 gliomas, it had minimal impact on the production of S100B by peritumoral reactive astrocytes.

As an SNRI, Dul's mechanism of action occurs through inhibition of the norepinephrine (NE) transporter (NET) in neurons. Because GL261 gliomas have been shown to express monoamine receptors \[[@R26]\], we hypothesized that lack of S100B inhibition in normal astrocytes was due to absence of NET in normal astrocytes. Indeed, GL261, but not astrocytes, were positive for NET *in vitro* ([Fig. 3A](#F3){ref-type="fig"}) and in i.c. GL261 tumors ([Fig. 3B](#F3){ref-type="fig"}). Furthermore, NE induced the expression of S100B in GL261 ([Fig. 3C](#F3){ref-type="fig"}), and S100B promoter activity in U251-Luc human gliomas ([Fig. 3D](#F3){ref-type="fig"}). Induction of S100B by NE was also partially inhibited by Dul ([Fig. 3B](#F3){ref-type="fig"}). These observations suggest that Dul suppression of S100B in GL261 tumors (but not reactive astrocytes) was most likely mediated by inhibition of NE uptake by tumor cells.

3.3.. Duloxetine attenuates the growth of intracranial GL261 gliomas {#S16}
--------------------------------------------------------------------

To test the effect of Dul on tumor growth, mice were implanted with i.c. GL261 cells and then treated with Dul for 14 days. When treatment was initiated a day after tumor implantation, tumor growth significantly decreased ([Fig. 4A](#F4){ref-type="fig"}) and animal survival improved with high doses of Dul ([Fig. 4B](#F4){ref-type="fig"}). However, neither low nor high doses of Dul had any survival benefit when the 14-day treatment was started four days after tumor implantation when tumors were larger and already infiltrated by TAMs ([Supplemental Fig. 1](#SD1){ref-type="supplementary-material"}). These observations, combined with lack of direct *in vitro* inhibitory effect on GL261 gliomas ([Fig. 1B](#F1){ref-type="fig"}), suggested that the antitumor activity of Dul was most likely due to alteration of tumor microenvironment and not direct tumor cytotoxicity.

3.4.. Duloxetine alters TAM trafficking and polarization {#S17}
--------------------------------------------------------

We previously reported that S100B stimulates CCL2 expression and enhances TAM infiltration into GL261 gliomas. Because Dul inhibited S100B production by tumors (but not tumor-associated astrocytes) we next evaluated its effect on tumor inflammatory responses. To assess the overall inflammatory changes in tumor and TME, tumors and peritumoral tissue from brains of control and Dul-treated GL261-bearing mice were dissected and analyzed by Nanostring ([Fig. 5A](#F5){ref-type="fig"}). Interestingly, Pathway Scores for a number of processes involved in innate and adaptive immunity were significantly higher in Dul-treated tumors, but not in the TME. Furthermore, treatment with Dul decreased the proportion of macrophages (i.e. CD11b^+^ CD45^high^ F4/80^+^), monocytic myeloid-derived cells (CD11b^+^ Ly6G^−^ Ly6G^+^) and neutrophils (Ly6B^+^), but not microglia (i.e. CD11b^+^ CD45^low^) in GL261 gliomas ([Fig. 5B](#F5){ref-type="fig"}). In addition, trafficking pattern of inflammatory cells appeared to be different in Dul-treated animals; fewer cells infiltrated the tumor mass itself while inflammatory cell infiltration around the tumors (probably microglia) was more prominent in the Dul-treated animals ([Fig. 5C](#F5){ref-type="fig"}). Finally, a reduction in the infiltration of inflammatory cells into the tumor mass also correlated with a decrease in CCL2 expression in GL261 gliomas ([Fig. 5D](#F5){ref-type="fig"}). In summary, although the Pathway Scores for inflammatory processes was higher in Dul-treated tumors, the infiltration of TAMs appeared to be suppressed in the tumor mass itself.

To assess changes in TAM polarization, cytokine expression was also evaluated in tumor-associated leukocytes. Inflammatory cells isolated from GL261 gliomas, which mostly consisted of monocytic lineage (i.e. microglia, macrophages and monocytic myeloid-derived cells) ([Fig. 5E](#F5){ref-type="fig"}) expressed higher levels of pro-inflammatory cytokine *Il-1β*, but lower levels of *Il-6*, *Il-10* and *Tgf-β* (M2 cytokines) after Dul therapy ([Fig. 5F](#F5){ref-type="fig"}).

3.5.. Duloxetine antitumor response was dependent on S00B production {#S18}
--------------------------------------------------------------------

To evaluate the effect of Dul on a different syngeneic glioma model, we next studied the K-Luc cell line that expresses lower levels of S100B \[[@R15]\]. Dul had modest inhibitory effect on cell proliferation *in vitro* ([Fig. 6A](#F6){ref-type="fig"}), but similar to the GL261 model, it did not significantly change the overall tumor levels of S100B and RAGE ([Fig. 6B](#F6){ref-type="fig"}). Expression of S100B by peritumoral astrocytes (GFAP^+^), however, appeared to be slightly higher in Dul-treated mice ([Fig. 6C](#F6){ref-type="fig"}). But, in contrast to the GL261 model, a two-week treatment with Dul did not significantly inhibit the growth of K-Luc tumors ([Fig. 6D](#F6){ref-type="fig"}).

4.. Discussion {#S19}
==============

In glioma microenvironment, TAMs may be polarized to promote tumor growth, angiogenesis and invasion \[[@R1]\]. Although a number of factors can alter TAM immune function, the role of S100B has not been investigated in detail. Building on our previous observations that S100B activates STAT3 in microglia, and enhances TAM infiltration into gliomas, we hypothesized that S100B inhibitors could potentially alter TAM innate immune function in brain tumors. Here, Dul was identified as an inhibitor of S100B promoter activity in a human glioma cell line. Although Dul had minimal *in vitro* cytotoxicity at low doses, it inhibited the growth of GL261 gliomas (which express high levels of S100B) by inhibiting the infiltration of TAMs and by shifting the polarization of myeloid-derived cells into pro-inflammatory subtypes. Interestingly, this biological function was not seen in the K-Luc glioma model that expresses low levels of S100B. To our knowledge, this is the first report demonstrating the role of Dul, a SNRI, as an immune modulator in gliomas.

Anti-neoplastic activity of antidepressants has been reported previously. Epidemiologic studies have suggested a significantly reduced risk of colorectal cancer among users of high doses of selective serotonin reuptake inhibitors (SSRIs) \[[@R27]\]. Furthermore, various SSRIs have demonstrated apoptotic activity in different cancer cell types and even inhibit growth of human cancer xenografts in mice \[[@R28]\]. SSRIs can also inhibit glioma proliferation *in vitro* (at concentrations above 5 μM) and have synergistic effects with imatinib (a multi tyrosine kinase inhibitor) by decreasing AKT phosporylation \[[@R29]--[@R31]\]. In our study, however, the antitumor activity of Dul was most likely independent of its direct cytotoxicity, but rather, due to its modulation of the TME. First, *in vitro* tumoricidal activity of Dul occurred at high concentrations (above 20 μM), while it inhibited CCL2 expression at lower levels (i.e. 1--2.5 μM). Second, antitumor efficacy of Dul was not seen if the two-week treatment was initiated four days after tumor implantation, possibly because TAMs begin to infiltrate i.c. gliomas within a few days of implantation and initiate a cascade of events that attract other inflammatory cells \[[@R32]\]. Others have also shown CCL2 to play a critical role in tumor initiation, but not tumor progression \[[@R33]\]. If Dul antitumor activity was exclusively due to its tumor cytotoxicity, then delayed therapy should have also abrogated the growth of larger tumors. Finally, *in vivo* antitumor activity of Dul was dependent on the expression of S100B by the tumor. Although K-Luc proliferation was partially inhibited by Dul *in vitro*, in contrast to the GL261 gliomas, these low S100B-producing tumors did not respond to Dul therapy in vivo. Thus, Dul antitumor response in the GL261 gliomas was likely due to its modulation of TME through S100B inhibition, and not its direct tumoricidal activity.

We previously reported that upregulation of CCL2 by S100B in gliomas promoted TAM recruitment \[[@R15]\]. Consistent with this observation, in the current study, Dul inhibited S100B and CCL2 production by GL261 gliomas, and prevented TAM infiltration into tumor mass. However, changes in TAM trafficking appeared to vary for each CD11b^+^ subpopulation. Whereas Dul inhibited macrophage (CD11b^+^, CD45^high^, F4/80^+^) infiltration into the tumors, recruitment of other CD11b^+^ cells into tumor edge was not significantly altered. We speculate that the peritumoral TAMs mostly originated from CNS microglia, and unlike macrophages, their proportion did not significantly change after Dul therapy. Furthermore, these cells accumulated around the tumor margin, and not in the tumor mass itself. Using chimeric mice, we recently showed that most microglia are located around the tumor edge, in contrast to the macrophages which infiltrate into the GL261 gliomas \[[@R20]\]. Therefore, despite inhibition of S100B and CCL2, microglia (and perhaps other Ly6G^+^ myeloid-derived cells) still persisted around GL261 tumor margin, possibly due to the expression of chemokines/cytokines by peritumoral S100B^+^ reactive astrocytes.

Besides altering leukocyte trafficking, Dul also promoted the polarization of TAMs into M1-like macrophages. TAMs in Dul-treated GL261 gliomas expressed higher levels of IL-1β, but lower levels of IL-6, IL-10 and TGF-β. Although TAM subpopulations (i.e. microglia and macrophages) were not investigated separately, these findings suggest an overall shift in TAM polarization into pro-inflammatory phenotype after Dul therapy. S100B has diverse biological functions, and at low concentrations, it activates STAT3 in TAMs \[[@R17]\]. Thus, TAM polarization into M1 phenotype could have been due to the inhibition of STAT3 pathway. Alternatively, Dul could have directly activated TAMs by increasing the concentrations of serotonin and S100B in the peritumoral tissue. Although Dul suppressed S100B production by GL261, it did not inhibit S100B in peritumoral astrocytes. Others have shown serotonin (via 5HT~1A~-R) to stimulate S100B secretion by astrocytes \[[@R34]\]. Furthermore, fluoxetine, another SSRI, stimulated S100B expression in rat astrocytes in vivo \[[@R35]\]. Therefore, in contrast to its inhibition of S100B in GL261 gliomas, Dul may have stimulated the secretion of S100B by reactive astrocytes in the TME. Because S100B has pro-inflammatory functions at μM concentrations, higher peritumoral S100B levels may have induced IL-1β expression by peritumoral microglia and other myeloid-derived cells.

The mechanism by which Dul inhibited S100B expression in gliomas, but not in the peritumoral astrocytes, is unclear. Our observations suggest this incongruent response to Dul to be due to variations in NET expression. GL261 cells expressed higher levels of NET and upregulated S100B expression after NE exposure. These findings are consistent with other reports that showed higher monoamine transporters expression by i.c. GL261 gliomas \[[@R26]\]. Similarly, Tsoporis et al. demonstrated NE to be an inducer of S100B expression in cardiac myocytes \[[@R36]\]. Therefore, by inhibiting NE uptake, Dul selectively inhibited the expression of S100B in GL261 cells but not astrocytes that expressed lower levels of NET. However, the exact mechanism by which NE induces S100B in glioma cells was not explored here. S100B promoter has binding sites for a number of regulatory elements (such as NF-κB, AP-1, STAT1 and p53). Others have shown intracellular NE to activate NF-κB, AP-1 and Stat transcription factors \[[@R37],[@R38]\]. Thus, alterations of these regulatory pathways by NE could have influenced S100B expression by gliomas.

In addition to modulating TAM activity, Dul could have simulated other immune cells by increasing serotonin levels in the TME. T, B and NK cells express serotonin, dopamine and norepinephrine receptors and are potential targets for SSRIs. NK cell activity, for example, can increase with fluoxetine and paoxetine \[[@R39]\]. Frick et al. have also reported fluoxetine to increase IFN-γ and TNF-α expression, and to inhibit lymphoma growth through the modulation of T cell responses at similar doses studied here \[[@R40],[@R41]\]. The effect of Dul on other leukocytes was not studied here, therefore, we cannot exclude their role in Dul's antitumor activity.

In summary, we have identified Dul as an S100B inhibitor in GL261 gliomas, and demonstrated its ability to shift TAM polarization into pro-inflammatory subtypes. Although direct tumoricidal activity of Dul was modest, its impact on TME could be exploited to enhance immunemediated therapies against malignant gliomas. For example, by shifting the immune-suppressive TME into an immune-permissive one, Dul (or other S100B inhibitors) could potentially enhance cytotoxic T cell penetration into gliomas. Our Future studies will screen other S100B inhibitors on both gliomas and normal astrocytes, and evaluate their antitumor efficacy in combination with immunotherapy approaches.
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![Duloxetine (Dul) inhibits S100B expression *In vitro*.\
**(A)** Dul inhibition of S100B promoter activity by a luciferase reporter assay in the human U251 glioma cell line. Luciferase activity was measured 24 h after Dul treatment. n= 3 ± SD **(B)** Dul cytotoxicity in GL261 glioma cell line. GL261-Luc cells were incubated with Dul for 24 h before measuring luciferase activity per plate (upper panel); LD50 = 25.1 μM. Cell proliferation was not significantly inhibited at Dul at concentration \< 10 μM (lower panel). n = 3 ± SD, \*: p \< 0.05 compared to control. (C) Inhibition of S100B expression by GL261 cells after 24 h (qPCR, top panel) and 48 h (Western analysis, ELISA and immunostains) incubations with Dul. n = 3 ± SD. **(D)** *In vitro* inhibition of CCL2 protein (left panels) and RNA expression (right panel) in GL261 cells after a 48 h incubation with Dul. n = 5 ± SD. \*: p \< 0.05, \*\*: p \< 0.01, \*\*\*: p \< 0.001. Experimental results are representative of at least two separate experiments.](nihms-1509102-f0001){#F1}

![*In vivo* activity of Duloxetine (Dul) in the mouse intracranial (i.c.) GL261 glioma model.\
**(A)** Dul did not significantly inhibit total brain S100B, RAGE or CCL2 protein levels in tumor-bearing animals. One day after tumor implantation, tumor-bearing mice (n = 3) were treated daily with different doses of Dul or vehicle. Fourteen days later, tumors and peritumoral tissue was harvested for protein analysis. **(B)** Serum levels of S100B and soluble RAGE (sRAGE) of tumor-bearing mice with and without a two-week treatment with Dul. n = 5--6 mice/group ± SD. **(C)** Representative immunostains of i.c. GL261 tumors (T, left panels) following a two-week treatment with Dul demonstrating significant inhibition of S100B and RAGE-positive tumor cells (bar graphs). n = 3 mice/ group ± SD. \*: p \< 0.05, \*\*: p \< 0.01. **(D)** Effect of Dul therapy on the expression of S100B by i.c. GL261 tumors (T) and peritumoral reactive astrocytes (GFAP^+^ cells). Low (top panels) and high magnification (lowest panel) of tumor sections demonstrating effective inhibition of S100B by tumors, but not by peritumoral reactive astrocytes (arrows). GFAP: glial fibrillary acidic protein. Representative results from two separate experiments is shown.](nihms-1509102-f0002){#F2}

![S100B expression in gliomas is enhanced by norepinephrine (NE).\
**(A)** Norepinephrine transporter (NET) is expressed by GL261 glioma, but not by primary astrocytes. **(B)** In vivo expression of NET in i.c. GL261 gliomas (T) but not peritumoral astrocytes (GFAP^+^ cells). **(C)** Expression of S100B by GL261 cells is induced by NE. Cells (4 × 10^5^ cells/plate) were treated with NE every 3 h. After 24 h, cells were lysed and subjected to Western analysis. **(D)** Inhibition of S100B promoter activity by Dul. U251 human gliomas (5000 cell/plate) that were stably transfected with S100B reporter gene were incubated with NE (added every 3 h to the medium) in presence and absence of Dul (5 μM). Luciferase activity was measured in 12 h n = 3/group ± SD. \*: p \< 0.05, \*\*: p \< 0.01 compared to control group. Representative results from two separate experiments is shown.](nihms-1509102-f0003){#F3}

![Duloxetine (Dul) inhibited the growth of GL261 gliomas.\
**(A)** Representative histology (left) and tumor volume measurements (right) demonstrating inhibition of i.c. GL261 tumor growth with Dul. Mice were treated with Dul a day after tumor implantation. Fourteen days later, brains were harvested and the largest tumor area was used for size calculations. (n =5 mice/group ± SD). **(B)** Kaplan--Meier survival curve of tumor-bearing mice treated with daily vehicle or Dul for 14 days (n = 6 mice/group). Animals demonstrating signs of elevated intracranial pressure were euthanized and tumor presence confirmed by histology. \*: p \< 0.05, \*\*: p \< 0.01 compared to control group. MS: median survival. Results are representative of two separate experiments.](nihms-1509102-f0004){#F4}

![Effect of duloxetine (Dul) on tumor inflammatory responses.\
**(A)** To assess the overall inflammatory changes in tumor and tumor microenvironment (TME), tumors and peritumoral tissue from brains of control and Dul-treated GL261-bearing mice were dissected and analyzed by Nanostring. Pathway Scores for a number of inflammatory processes were elevated in Dul-treated tumors, but not TME. **(B)** Representative dot plots (upper panel) and FACS quantification (lower panel) demonstrating a decrease in the proportion of macrophages (i.e. CD11b^+^ CD45^high^ F4/80^+^), monocytic myeloid-derived cells (CD11b^+^ Ly6G^−^ Ly6G^+^) and neutrophils (Ly6B^+^), but not microglia (i.e. CD11b^+^ CD45^low^) following a two-week treatment with Dul (30 mg/kg x 14 days). n = 3 mice/group ± SD. \*: p \< 0.05. **(C)** Representative sections of tumor-bearing brains demonstrating distribution of microglia and macrophages (eGFP^+^) into GL261 tumors (T) and tumor edge. *CX*~*3*~*CR*~*1*~^*GFP*^ mice were implanted with GL261 cells and treated a day later with Dul (30 mg/kg) or vehicle for two weeks. Fewer eGFP^+^ cells (myeloid-derived cells) were seen within the Dul-treated tumors **(D)**. Representative immunohistochemistry demonstrating decrease in CCL2 expression by tumors after Dul therapy. GFAP: glial fibrillary acidic protein (astrocyte marker). Lowest panel represents higher magnification of insets in the upper panel. **(E)** Inflammatory cells isolated from GL261 gliomas by Percoll separation mostly consisted of monocytic lineage (i.e. microglia, macrophages and monocytic myeloid-derived cells). **(F)** Effect of Dul on the cytokine expression profile of tumor-associate leukocytes. GL261 gliomas from vehicle or Dul-treated (30 mg/kg/14 days) mice were harvested at 14 days post tumor implantation and subjected to Percoll gradient. Leukocytes were isolated and incubated with LPS (0.5 μg/ml, 24 h). Cytokine expression was assessed by q-PCR. (n = 4 mice/group ± SD). Representative results from two separate experiments is shown.](nihms-1509102-f0005){#F5}

![*In vitro* and *in vivo* activity of duloxetine (Dul) on K-Luc gliomas.\
**(A)** Dul inhibited K-Luc proliferation even at low concentrations. n = 3 ± SD. \*: p \< 0.05. **(B)** Dul did not inhibit brain S100B or RAGE protein levels in tumor-bearing animals. One day after K-Luc implantation, tumor-bearing mice were treated daily with Dul or vehicle. Fourteen days later, tumors and peritumoral tissue was harvested for protein analysis. (n = 3 mice/group ± SD). **(C)** Representative immunohistochemistry of i.c. K-Luc tumors (T) following a two-week treatment with Dul demonstrating persistent S100B expression by peritumoral astrocytes (GFAP^+^ cells). **(D)** Dul did not inhibit K-Luc tumor growth. Tumor bearing mice were treated with daily vehicle or Dul for 14 days (n =6 mice/group). Animals demonstrating signs of elevated intracranial pressure were euthanized and tumor presence confirmed by histology. MS: median survival. Results are representative of two separate experiments.](nihms-1509102-f0006){#F6}

###### 

Duloxetine tissue and plasma concentration (μM).

  Collection Time (hr)   GL261 Tumor   Brain Without Tumor   Plasma
  ---------------------- ------------- --------------------- --------
  0.5                    48.79         36.30                 3.04
  2                      70.84         65.87                 2.12
  6                      24.85         24.22                 1.28
  12                     10.04         9.64                  0.39

[^1]: These authors contributed equally to this project.
